Bandwidth-controlled Mott transition in K-(BEDT-TTF)2Cu[N(CN)2]Br^Cli_^: 
I. Optical studies of localized charge excitations 
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Infrared reflection measurements of the half-filled two-dimensional organic conductors «:-(BEDT- 
TTF)2Cu[N(CN)2]Br^Cli_:r were performed as a function of temperature (5 K < T < 300 K) 
and Br-substitution (x — 0%, 40%, 73%, 85%, and 90%) in order to study the metal-insulator 
transition. We can distinguish absorption processes due to itinerant and localized charge carriers. 
The broad mid-infrared absorption has two contributions: transitions between the two Hubbard 
bands and intradimer excitations from the charges localized on the (BEDT-TTF)2 dimer. Since 
the latter couple to intramolecular vibrations of BEDT-TTF, the analysis of both electronic and 
vibrational features provides a tool to disentangle these contributions and to follow their tempera- 
ture and electronic-correlations dependence. Calculations based on the cluster model support our 
interpretation. 

PACS numbers: 74.70.Kn, 71.30.+h, 74.25. Gz, 71.10.Hf 
I. INTRODUCTION 



The physics of strongly correlated electron systems is 
a very active field in solid-state science where the vicin- 
ity of Mott-insulating, magnetically ordered, and super- 
conducting ground states is most intriguing. These ef- 
fects are intensively studied for transition- metal oxides, 
in particular high-temperature superconductors, and or- 
ganic conductors. It is extremely interesting that all 
of these materials show a similar competition between 
ordered antiferromagnetic and superconducting phases: 
this suggests common physics, while the chemistry of the 
compounds and the origin of the conducting electrons is 
different Fii^i^ These facts have initiated our investigation 
of the molecular conductors of the BEDT-TTF family 
as model compounds to study physics of correlated elec- 
trons close to the Mott transition in two dimensions. ^'^ 

In the K-phase crystals, conducting layers of 
cationic bis-(ethylenedithio)tetrathiafulvalene (BEDT- 
TTF) molecules are separated by 'charge-reservoir' layers 
of monovalent anions. As depicted in Fig. [l] two BEDT- 
TTF+° '^ molecules form confacial dimcrs which can be 
considered as lattice sites; due to this dimerization the 
conduction band is half filled. The anion size sensitively 
influences the physical properties of the system very sim- 
ilar to the variation of pressure, since they define the 
spacing between the molecules (molecular sites) and thus 
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FIG. 1: (a) Structural arrangement of the BEDT-TTF 
molecules in the K-phase (looking along the molecular axis); 
the size of the unit cell is approximately 12.9 A in a-direction, 
8.5 A along the c axis, and 30.0 A in the third direction. 
The overlap integrals are labelled according to Mori et al. 
(Ref. 6:). The interdimer overlap integral bl is around 0.027, 
along the dimer chains b2 ~ 0.010, while p and q link or- 
thogonal molecules with approximately 0.011 and 0.004, re- 
spectively, (b) Triangular lattice for the dimer model of k- 
(BEDT-TTF)2X. There is hopping along the stacks ti and 
along the diagonals t2. 



the width of the band.^'^ The ratio of electronic correla- 
tions to the width of the conductance band is the control 
parameter— in the phase diagram depicted in Fig.[3 The 
ground state of k- (BEDT-TTF) 2 A salts can be switched 
between an antiferromagnetic insulating, a superconduct- 
ing, and a metallic state. These salts exhibit the highest 
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FIG. 2: Schematic phase diagram of the K-phase salts (BEDT- 
TTF)2X. Instead of tuning the external pressure, the same 
ambient-pressure ground state can be achieved by modify- 
ing the anions X. The arrows indicate the approximate po- 
sition of K-(BEDT-TTF)2Cu[N(CN)2]Cl, fi:-(BEDT-TTF)2- 
Cu[N(CN)2]Br, fi:-(BEDT-TTF)2Cu(NCS)2, and k-(BEDT- 
TTF)2l3 at ambient pressure, respectively. The phase transi- 
tion between the (antiferromagnetic) Mott insulator and the 
metal/superconductor can be explored by gradually replac- 
ing CI by Br in K-(BEDT-TTF)2Cu[N(CN)2]Br,Cli-:.. Here 
c and a are the lattice parameters; bl and p indicate the trans- 
fer integral according to Fig. [TJi. U /t is the on-site Coulomb 
repulsion with respect to the hopping integral t. 



superconducting transition temperature of all organic su- 
perconductors with Tc = 12.5 

At ambient temperature the studied K-phase BEDT- 
TTF salts have common properties, which may be char- 
acterized as a narrow-gap semiconductor or "bad metal" . 
When the temperature drops below a so-called coher- 
ence temperature Tcoh ~ 50 K on the right side of the 
phase diagram, the metallic behavior becomes dominant 
due to the formation of Fermi liquid quasiparticles'^'^ un- 
til a second-order transition occurs to a superconduct- 
ing state. The nature of superconductivity in organic 
crystals is subject to discussion for twenty yearsiS but 
in the present study we focus on the metallic and in- 
sulating states. On the left side of the phase diagram 
(Fig. [2]), i.e., for higher values of U/t, the system never 
shows metallic properties, but is gradually driven into an 
insulating state by electronic correlations as the temper- 
ature drops below 90 K; at T/y ~ 35 K magnetic order 
is observed. NMR measurements in deuterated samples 
K-(d8-BEDT-TTF)2Cu[N(CN)2]Br (which fall right on 
the phase boundary) revealed that at low temperatures 
the transition between the commensurate antiferromag- 
net and pseudogapped superconductor is of first order.— 
Most recently, enormous research efforts were dedicated 
to the metal-to-insulator transition and critical end-point 
in this highly correlated two-dimensional electron system. 



The critical behavior in the vicinity of the Mott tran- 
sition was investigated by dc measurements under ex- 
ternal pressure and in magnetic fieldJ^ii^ii^ The alloyed 
series K-(BEDT-TTF)2Cu[N(CN)2]Br:rCli_^, studied in 
the present work, covers the most interesting region of 
the phase diagram spanned by the pure CI and Br salts, 
including the border between the Mott insulating and 
metallic phases. Our infrared reflection measurements of 
a series of compounds with Br concentration x varying 
between and 90 % make it possible to explore the tem- 
perature and correlation (bandwidth)-depcndent charge 
dynamics on crossing this phase boundary, as well as the 
unusual physical properties in the metallic region above 
the superconducting transition. 

Several optical experiments were performed on 
the pristine compounds k-(BEDT-TTF)2Cu[N- 
(CN)2]Br and k-(BEDT-TTF)2Cu[N(CN)2]C1 over 
the years . ^^i-'^^'-'^'^i^^'-'^^i^'-''^^ They gave a general idea of 
the electronic excitation observed in the infrared region: 
a broad mid-infrared band around 2500 — 3500 cm~^ 
and a narrow Drude-like peak in the spectra of su- 
perconducting Br-compound^^ at temperatures below 
50 K. In the discussion Section IIV Al we review the 
different interpretations of the mid-infrared spectra. 
Our investigation of the alloys gives an unambiguous 
assignment of the spectral features in this region, im- 
portant for the analysis of the charge dynamics in these 
salts. BEDT-TTF)2Cu[N(CN)2]Bro.5Clo.5 is the only 
mixed compound which has previously been investigated 
by infrared spectroscopy ; "'^^i^^'^'^i^^'^^ but only in the 
mid-infrared range. 

Here, we present for the first time a systematic op- 
tical study of the series k-(BEDT-TTF)2Cu[N(CN)2]- 
Bra;Cli_a:, with X crossing all relevant regions of the 
phase diagram from the insulating/antiferromagnetic to 
the metallic/superconducting state. Our experiments 
cover a broad spectral range from 50 to 10000 cm~^ and 
temperatures from room temperature down to T = 5 K. 
This enables us to follow the response of the free and 
localized carriers for the different points of this phase 
diagram, depending on temperature and correlation-to- 
bandwidth ratio. While we focus on the signature of 
localized charge excitations here, the succeeding paper?! 
(which we refer to as Part II in the following) is devoted 
to the dynamics of free charge carriers and the formation 
of the coherent quasiparticle response. 



II. EXPERIMENTS 

Single crystals of the k-(BEDT-TTF)2Cu[N(CN)2]- 
Br^jCli-a; salts were grown by standard electrochemical 
methods. Certain ratios of Br/Cl concentration were cho- 
sen to obtain a series of alloys. Subsequent to the op- 
tical reflection experiments, each individual crystal was 
checked by microprobe analysis in order to determine the 
composition. The actual Br/Cl ratio turned out to be sig- 
nificantly different than expected from the starting con- 
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FIG. 3: Dc resistivity versus temperature of k-(BEDT- 
TTF)2Cu[N(CN)2]Bro.23Clo.77 and ft:-(BEDT-TTF)2- 
Cu[N(CN)2]Bro.85Clo.i5. While the latter compound 
becomes metallic below 100 K and eventually supercon- 
ducting at Tc = 12 K, the former one gradually turns 
insulating. 

centration, since Br enters the compounds much easier 
than Cl^ It was hardly possible to produce samples with 
predefined Br concentration. In the following, we denote 
the actual Br content of k-(BEDT-TTF)2Cu[N(CN)2]- 
Br^Cli-^ where x = 0%, 40%, 73%, 85%, and 90%; the 
concentration was found homogeneous for each specimen. 
The platelets contained naturally flat (ac) surfaces with 
a typical size of about 1x1 mm^.^^ The orientation was 
determined from the optical spectra. 

The strong dependence of the dc resistivity on the 
Br/Cl ratio is emphasized in Fig. [3] where p{T) is 
plotted for a crystal with low {x = 23%) and high 
{x = 85%) bromine content. For the insulating sam- 
ple K-(BEDT-TTF)2Cu[N(CN)2]Bro.23Clo.77 the resistiv- 
ity rises by many orders of magnitude as the tempera- 
ture decreases, most dramatically below 70 K. Contrary, 
K-(BEDT-TTF)2Cu[N(CN)2]Bro.85Clo.i5 shows basically 
the same temperature dependence like the pure Br speci- 
men: p{T) increases slightly below room temperature un- 
til it reaches a broad maximum around 100 K. At lower 
temperatures the behavior is metallic with p{T) oc for 
T < 35 K and finally a superconducting transition is ob- 
served at Tc 12 Ki22 The superconducting properties 
of K-(BEDT-TTF)2Cu[N(CN)2]Br^Cli_^ with different 
Br concentrations have been investigated previously by 
dc resistivity and magnetization^'^^. 

The in-plane optical reflectivity was measured with 
light polarized along a and c axes, respectively. Em- 
ploying a modifled Bruker IFS 113v Fourier-transform 
spectrometer, we covered a broad frequency range from 
50 to 10 000 cm-i (6 meV - 1.2 eV) with a resolution 
of up to 0.5 cm~^. The single crystals were studied at 
300, 150, 90, 50, 35, 20 and 5 K with the help of a cold- 
finger cryostat. To achieve good thermal contact, the 
samples were fixed by carbon paste on a brass cone di- 
rectly attached to the cold finger. Absolute values of 
the reflectivity are obtained by subsequently evaporating 
gold onto the sample and remeasuring it as reference mir- 



ror at all temperaturesi^ The in-situ gold-evaporation 
technique is more accurate than other referencing meth- 
ods because it utilizes the entire sample surface and is 
less effected by surface imperfections. In addition, for 
the crystals with 40% and 85% Br concentration, reflec- 
tivity spectra were measured in 2000 — 12 000 cm^^ range 
at temperatures between 300 and 20 K using a Bruker 
IFS 66v spectrometer equipped with an IR microscope 
and cold-finger Cryovac Microstat. The spectra in this 
range coincide for both methods of measurement; there is 
basically no dependence on Br-content and temperature. 
In the overlapping range they are in agreement with the 
room-temperature data received by Drozdova et alS^ up 
to 40 000 cm~^. These spectra were also used as a high- 
frequency extrapolation for the other compounds. From 
the refiectivity spectra, the optical conductivity was cal- 
culated employing Kramers-Kronig analysis.— At low- 
frequencies the data were extrapolated by the Hagen- 
Rubens behavior, which was double-checked by the dc 
resistivity obtained from standard four-probe measure- 
ments (Fig. [3]). The low- frequency extrapolation only 
very weakly affects the spectra in the measured range, 
i.e. the absolute values of conductivity. 



III. RESULTS 

In Figs, m and O the reflectivity and conductivity 
spectra of K-(BEDT-TTF)2Cu[N(CN)2]Br^Cli_^ (with 
X = 0%, 40%, 73%, 85%, and 90%) are plotted for light 
polarized parallel to the a direction at distinct temper- 
atures from 300 K down to 20 K. Because there is no 
signiflcant difference between the T = 20 K and 5 K 
spectra, we omitted the latter. At ambient tempera- 
ture, the optical properties only weakly depend on the 
Br-contcnt (inset of Fig. |4)d). As expected for semi- 
conductors, the reflectivity is basically frequency inde- 
pendent at small frequencies, and hence the correspond- 
ing room-temperature conductivity is low; the reflectiv- 
ity starts to decrease significantly above 3500 cm~^ and 
reaches a value close to zero in both polarizations around 
5000 cm~^. The respective conductivity spectra show 
a broad absorption band centered between 2000 cm~^ 
and 3000 cm~^ which is well documented in literature 
for the K-phase of BEDT-TTF salts in general. The 
strong absorption features observed in the mid-infrared 
around 400, 850, and 1400 cm~^ are totally symmet- 
ric vibrations of the BEDT-TTF molecule, activated by 
electron-molecular vibrational (emv) coupling (cf. Ref. |5| 
and references therein), we will give a detailed analysis 
in Sec. HVCl 

Significant changes of the optical spectra are observed 
when cooling the samples below T = 90 K. The far- 
infrared reflectivity strongly increases for specimens with 
high Br content (Fig. [4]), while the mid-infrared reflec- 
tivity is suppressed. Correspondingly, as seen in Fig. [51 
a Drude-like contribution develops in the conductivity 
spectra of the samples with x = 73%, 85%, and 90% 
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FIG. 4: Reflectivity spectra of k-(BEDT-TTF)2Cu[N(CN)2]- 
BtxCIi^x for the polarization -B || a measured at various tem- 
peratures: T = 300 K, 150 K, 90 K, 50 K, and 20 K. The 
panels (a) - (e) correspond to different Br concentrations: 
X = 90%, 85%, 73%, 40% , and 0%. The insets show the 
room-temperature and low-temperature spectra for x = 90%, 
73%, and 0% on a logarithmic frequency scale. 



at low temperatures. The latter compound exhibits a 
behavior similar to the pristine k-(BEDT-TTF)2Cu[N- 
(CN)2]Br salt.^ The opposite is observed for the salts 
with low Br-content: the far- infrared reflectivity drops 
while it rises in the mid-infrared. The absolute values of 
reflectivity and conductivity are slightly enhanced com- 
pared to previously published results F^^iiiiiSiii^'SSi?! This 
we attribute to our advanced in-situ gold-evaporation 
method for the reference measurement which also ac- 
counts for imperfections of the crystal surface. 

The reflectivity and conductivity for the perpendicu- 
lar polarization [E \\ c) are shown in Figs. [6] and [7] for 
different Br concentrations x and temperatures T . The 
spectra exhibit basically the same features as the ones 
recorded along a direction; except the shape of the mid- 
infrared absorption is different. As previously reported, 
for most other K-salts, the maximum of the absorption 
band for the c axis lies at higher frequencies. While at 
ambient temperature a distinction is difflcult, at low tem- 



FIG. 5: Optical conductivity spectra {E \\ a) of k-(BEDT- 
-TTF)2Cu[N(CN)2]Br:„Cli-x at different Br concentrations 
X and temperatures, obtained by a Kramers-Kronig analysis 
from the data of Fig. |3] 

peratures it becomes obvious from both, reflectivity and 
conductivity data, that it consists of two components: in 
addition to the band around 2000 cm~^, a second nar- 
rower mode has its maximum around 3500 cm~^. This 
behavior is most pronounced for the pure CI compound. 
Again, with increasing Br content a Drude contribution 
develops as the temperature is reduced below 50 K. 

We want to point out that the accessible frequency 
range of our experiments is limited to > 50 cm^^ due 
to the small sample surfaces. Thus, we cannot detect 
the superconducting energy gap Aq, which is expected 
around 2Ao — i-biksTc ~ 30 cm^^. 

IV. DISCUSSION 

Despite the above mentioned limitations, our data 
cover a very broad frequency range from 50 to 
10 000 cm~^. Therefore, we are able not only to study 
the vibrational features and the mid-infrared absorption, 
but also to analyze the temperature and doping depen- 
dence of the Drude contribution in k-(BEDT-TTF)2Cu- 
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FIG. 6: Reflectivity spectra of k-(BEDT-TTF)2Cu[N(CN)2]- 
Bra;Cli_2, for liglit polarized -B || c measured at various tem- 
peratures as indicated. The different panels (a) - (e) cor- 
respond to Br concentrations: x = 90%, 85%, 73%, 40% , 
and 0%. The insets show the room-temperature and low- 
temperature spectra on a logarithmic frequency scale. 



[N(CN)2]Bra;Cli_a;. However, since there is no agreement 
in the literature on the interpretation of the mid-infrared 
absorption band which is important for analysis of the 
whole charge dynamics in these materials, we first ad- 
dress this part of the spectra. The contribution of the 
itinerant electrons will extensively be analyzed and dis- 
cussed in Part II. 

The common approach is to fit the spectra by the 
Drude-Lorentz model, ^''^^ because it helps to disentan- 
gle the contributions of conduction electrons, interband 
transitions and vibrational features. As an example, the 
optical conductivity along the c-direction of the crystal 
with X — 0.85 is displayed in Fig. [5] together with a fit by 
one Drude-like component and several Lorentzian oscil- 
lators; to further restrict the parameters, the K{oj) and 
(t{uj) spectra were fitted simultaneously. This procedure 
was applied to the spectra taken in both polarization di- 
rections and at all temperatures and values of Br doping. 
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x = 90% E II C 




1000 2000 3000 4000 5000 6000 
Frequency (cm"') 

FIG. 7: Optical conductivity spectra {E \\ c) for k-(BEDT- 
TTF)2Cu[N(CN)2]Br:,Cli_^ of different Br concentrations (a) 
X = 90%, (b) 85%, (c) 73%, (d) 40% , and (e) 0% measured 
at various temperatures: T = 300 K, 150 K, 90 K, 50 K, and 
20 K. The mid-infrared band clearly has two contributions. 
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FIG. 8: Fit of the frequency dependent conductivity of k-(BE- 
DT-TTF)2Cu[N(CN)2]Bro.85Clo.i5 at 20 K for the electric 
field polarized parallel to the c axis. Ldimcr and LHubbard show 
the two Lorentz oscillators required to fit the mid-infrared 
peak. The narrow lines describe the vibrational features. In 
addition an extended Drude model is included for the low- 
frequency increase. 
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A. Mid-Infrared band: overview of the different 
interpretations 

In general, the most prominent feature in the optical 
conductivity spectra of K-phase BEDT-TTF salts is the 
broad mid- infrared hump. It peaks around 2200 cm^^ 
for the polarization ii^ || a and at 3200 cm~^ in the 
c direction, where it exhibits a more complicated dou- 
ble structure. Albeit it seems obvious - in particular 
when cooling down - that two contributions add up for 
this band, the explanations proposed over the years took 
into account only one single process. It was suggested 
that the mid-infrared peak is due to charge transfer in- 
side the dimer— ii^iiii^i^ or due to transitions between 
the Hubbard bands formed by the correlated conduction 
electrons 

Eldridge and coworkersi^iil first suggested that the 
mid-infrared peak is due to charge-transfer bands with 
the excitations confined to the dimers and the charge 
transfer occurring between adjacent molecules. The po- 
larization dependence is explained by different interac- 
tions between neighboring dimers (Fig. [IJi). The argu- 
ments were supported by electronic band-structure cal- 
culations of the K-phase salts performed by Whangbo 
and collaborators on the basis of the tight-binding 
approximation42i^ The highest occupied band is half 
filled with only very little difference in bandwidth and 
density of states at the Fermi level when going from n- 
(BEDT-TTF)2Cu[N(CN)2]Cl to k-(BEDT-TTF)2Cu[N- 
(CN)2]Br. Obviously this is a very rough approximation 
which can explain neither the semiconducting behavior at 
ambient temperature, nor a redistribution of the spectral 
weight from this mid-infrared maximum to the Drude- 
peak for compounds with high Br concentration on cool- 
ing (discussed in Part II) , nor the different ground states 
of the compounds. 

A more consistent picture was achieved when both 
components of the optical conductivity, the Drude-like 
contribution and the mid-infrared hump were explained 
in the framework of a half-filled two-dimensional system 
with strong electronic correlationsi ^'^'^^ The structure 
of the K phase was mapped on an anisotropic triangu- 
lar lattice, each site presenting one dimer as depicted 
in Fig. [T|3. The interdimer overlap integrals define the 
hopping t between the sites of a triangular half-filled lat- 
tice considered by theory, they are ti = 30 meV and 
t2 = 50 meV.*'^^ The intradimer overlap plays the role 
of the effective on-site Coulomb interaction 
Consequently, Ucs increases with dimerization: for the 
Cl-analog bl is slightly higher which causes larger UcS- 
Ab-initio calculations by Fortunelli and Painelli'^^ give 
the value of Ues= 0.4 eV for a dimer in k-(BEDT-TTF)2- 
Cu[N(CN)2]Br; this is in agreement with experiments. 

It has been predicted by theory that the Mott-insulator 
transition in a two-dimensional lattice typically occurs 
when U is comparable to the bandwidth W — 8t. In 
the present case Ucs/t ^ 8, implying that we are very 
close to the metal-insulator transition. Ucs/t increases 



when going from Br to CI anions, i.e. moving from right 
to left in the phase diagram (Fig. [5]) and leads to lo- 
calization of the charge carriersi^ Following these con- 
siderations, recently^^ the experimentally observed mid- 
infrared band around 3000 cm~^ was associated with the 
transition between the Hubbard bands at huj w Ucs- 

The application of dynamical mean-field theory to the 
metallic side of the phase diagram suggests^-'i^* that be- 
sides the mid-infrared band around UeS, a quasiparticle 
peak at the Fermi level grows with temperature below 
Tcoh ~ O.lt*, where t* is the overlap integral. Due to 
transitions between the coherent quasiparticle band and 
the Hubbard bands, a new peak is supposed to develop 
around hco « t/eff/2 for T < T^oh- 



B. Mid-Infrared band: our experimental results 

Our present investigation of the substitution series n- 
(BEDT-TTF)2Cu[N(CN)2]Br^Cli„:r sheds new light on 
the above formulated controversy because all features 
were traced when going from the metallic to the insu- 
lating phase both by changing temperature T and the 
relative correlation strength U/t. This enabled us to 
disentangle the components coming from charge trans- 
fer inside the (BEDT-TTF) 2 dimers and between the 
dimers. We propose that the intradimer transitions cause 
the high-frequency contribution Ldimor, while the band 
Lnubbard lowcr frequencies is ascribed to interdimer 
transitions, i.e., to the transitions between the Hubbard 
bands. 

Generally, the band of the intradimer transition is ex- 
pected to appear at higher frequencies compared to the 
transition between the dimers. It was already shown 
for molecular chains that the high-frequency band van- 
ishes when the dimerization is reducedjSS calculations 
were also performed on a two-dimensional K-like struc- 
ture leading to similar conclusions The same result is 
obtained by the cluster model^^S, when extending it to 
tetramers and hexamers; the electronic transitions sum- 
ming up the intradimer and interdimer excitations shift 
to lower frequencies and get broader compared to the 
pure intradimer one. 

In both reflectivity and conductivity spectra (Figs.lH]- 
[5]) for light polarized parallel to the c axis, two bands can 
be clearly distinguished: a narrow high-frequency peak 
Ldimor and a broad peak ^Hubbard located at lower fre- 
quencies. Contrary, in a-direction there is no clear sepa- 
ration visible between Ldimcr and ijjubbard in the optical 
spectra (Figs. mandO. Such an anisotropy in the mid- 
infrared range is well documented for these K-salts<^i^ 
However, the detailed analysis based on the cluster model 
given below will show that despite the anisotropy both 
peaks are present in either orientations. 

The temperature dependence of the Ldimcr frequency 
{E II c) is plotted in Fig.[n]for different Br concentrations. 
Within the uncertainty of the Lorentz fit, at ambient 
temperature the position of the high-frequency oscillator 
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FIG. 9: Temperature dependence of the mid-infrared peak 
Ldimer in K- (BEDT-TTF)2 Cu [N(CN)2] Br, Cli with x = 
0%, 73%, and 90% obtained by a Lorentzian fit for the polar- 
ization E II c. The hnes are guides to the eye. 

Ldimer docs not show a distinct dependence on the Br con- 
tent along the c axis; also the oscillator strength of this 
band does not vary substantially. In general there is an 
upward shift of approximately 100 to 200 cm~^ when go- 
ing down to r = 20 K. We attribute this blue shift to the 
thermal contraction of the single crystals which slightly 
enhances the intradimer transfer integral bl (Fig. [T^), 
i.e. the intradimer overlap increases^. The difference 
between metallic and insulting compounds is seen at 
50 K and lower: while the temperature dependent high- 
frequency shift of Ldimer is more enhanced upon cooling 
in the metallic samples with x = 90% and 85%, it lev- 
els off for the insulating ones with low Br concentration. 
Obviously, the Ldimer oscillator frequency is not consider- 
ably affected by the opening of the Mott-Hubbard gap at 
T < 50 K which results in an increase of the dc resistivity 
of several orders of magnitude. 

The intradimer transition, i.e., a charge transfer 
between the two face-to-face arranged BEDT-TTF 
molecules is expected to be strongly coupled to the to- 
tally symmetric molecular vibrations. Thus an detailed 
analysis of the experimentally obtained temperature de- 
pendence of their spectra and a comparison to the theo- 
retical predictions of the cluster model will be the key to 
a final assignment of the electronic features in the spec- 
tra. 



C. Vibrational features 

The sharp absorption features in the frequency range 
between 400 cm^^ and 1600 cm~^ are known to be 
totally-symmetric vibrations activated by coupling with 
electronic excitations. In the course of numerous vi- 
brational studies on the K-phase BEDT-TTF salts, El- 
dridge's grou p^^'^^i"^^'^^ and other o^°i^^ presented a com- 
plete assignment of the totally-symmetric vibrations. 



Here we use the C2h symmetry assignment which takes 
a deformation of a BEDT-TTF molecule inside the crys- 
tal into account4S In our work we could follow not only 
the temperature, but also the doping-dependence of these 
features, that improves our interpretation of the spectra. 

The most prominent 1/4 (Ag) vibration involves a sym- 
metric stretching of the C=C double bonds;'Sfl at room 
temperatures it is observed at about 1240 cm~^ along the 
a-axis and at 1280 cm~^ along the c-axis in the spectra of 
the K-(BEDT-TTF)2Cu[N(CN)2]Br2;Cli_:r. We estimate 
the center frequency of the 1^4 (Ag) band by fitting it with 
a Lorentzian, disregarding the anti-resonances due to the 
vei-^g) mode for a moment. As can be seen from Fig.lTTk 
and c, with decreasing temperature (300 K < T < 50 K) 
the 1^4 (Ag) modes slightly shift to higher frequencies in 
about the same manner for all compounds. As T is re- 
duced this tendency enhances further for x = 85% and 
90%: the total shift amounts to approximately 45 cm~^ 
for E II a, and less than 5 cm~^ in c direction; the 
variation saturates at very low temperatures. For the 
insulating compounds with low Br content, the 1^4 (Ag) 
mode even reverses its temperature dependence below 
Tcoh « 50 K and becomes softer. Except some gradual 
difference, the behavior is very similar for both orienta- 
tions. Below 50 K, the ^■4(Ag) mode becomes sharper in 
the insulating samples while it broadens and seems to be 
weaker for high Br content. 

The frequency of the ^^{Ag) mode (vibration of the 
CH2 groups) overlaps with the broad emv-coupled 1^4 (Ag) 
band. In Fig.fTOlthe excitation is seen as an antiresonance 
around 1270 to 1280 cm~^ for || a and slightly higher 
for the perpendicular direction. At low temperatures, 
four bands of i>e{Ag) are resolved, originating from four 
distinct CII2 groups per unit cell. We follow the tem- 
perature dependence by choosing the minimum around 
1273 cm~^. Again, for low Br content the t'6(Ag) mode 
gradually moves down in frequency with decreasing tem- 
perature, while it significantly shifts to higher values for 
X = 85% and 90% as presented in Fig. [TTb . The same 
temperature dependence of velAg) is observed parallel to 
c (Fig. llld ). A similar temperature and Br-concentration 
dependence is seen for the peaks of the emv-coupled 'ring- 
breathing' mode J/io(Ag) of the BEDT-TTF molecule^ 
at 870 cm~^ and 885 cm~^ and of the 1^13 (Ag) at about 
430 cm^^. Accordingly, the peaks are pretty intense in 
the insulating state, and are less significant in the spectra 
for high Br concentration. 

In contrast to the emv-coupled modes, the infrared ac- 
tive 1^45 (B2n) vibration of BEDT-TTF molecule detected 
around 1383 cm~^ (Fig. [TU| and CN-stretch vibration of 
the anion layer observed around 2160 cm^^ do not de- 
pend on the Br-concentration and show no pronounced 
temperature dependence besides the expected hardening 
with cooling. Therefore, since the charge on the BEDT- 
TTF molecules is not redistributed in k- (BEDT-TTF) 2- 
Cu[N(CN)2]Bra;Cli_a;When the samples are cooled down, 
the characteristic temperature dependence of the emv- 
coupled Ag modes has to be due to the electronic excita- 
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FIG. 10: Detailed view of the optical conductivity of k-(BE- 
DT-TTF)2Cu[N(CN)2]Br:,Cli-^ along the a and c-directions 
(left and right panels, respectively) for different Br concentra- 
tions X = 90%, 85%, 73%, 40%, and 0%, (a)-(e) and (f)-(j), 
respectively. The spectra for the different temperatures (bot- 
tom to top: T = 20 K, 50 K, 90 K, 150 K, and 300 K) are 
offset by 400 (ficm)"^ for clarity. 



tion to which they are coupled. 



D. Excitations localized on dimers: charge transfer 
and emv-coupled features 

The cluster model of M.J. Rice^^ and Delhaes and 
Yartse v^^i^^ describes the optical properties of molecular 
clusters with arbitrary geometry and equilibrium charge 
density distribution. The model describes optically acti- 
vated charge transfer between the molecules in a cluster, 
the parameters defining this transition are transfer in- 
tegral t between the molecules and Coulomb repulsion 
C^moi of two electrons on one molecule. In addition, this 
model takes into account an activation of totally sym- 
metric vibrations by this charge transfer in a cluster; the 
strength of this coupling is defined by the coupling con- 
stants Qi, specific for each given molecular vibration. It 
gives a correlation between a charge transfer electronic 
transition and the emv-coupled features. The vibra- 
tional modes become infrared active by emv coupling to 
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FIG. 11: Temperature dependence of the mode frequencies of 
the intramolecular vibrations v/^i^Kg) and Vfi{Kg) for k-(BE- 
DT-TTF)2Cu[N(CN)2]Br^Cli-^with Br concentrations %, 
73 %, and 90 %. (a) The v^i^Kg) mode along the a-direction 
was fitted by a Lorentzian and the center frequency plot- 
ted, (b) In the case of V(,{^Kg) the frequencies are defined 
as the minima in the respective optical conductivity, i.e. the 
strongest of the quadruple. In frames (c) and (d) the equiva- 
lent data are presented for the polarization E || c. The lines 
correspond to spline fits. 



the charge-transfer excitation; and they are shifted down 
in frequency with respect to the corresponding Raman 
modes.— i^i^ The shift and the intensity of the emv- 
coupled features depend on the coupling constants and 
on the position of the respective charge-transfer band. 
The model taking into account two perpendicular dimers 
of BEDT-TTF molecules successfully describes the mid- 
infrared peak and emv-coupled features in the room- 
temperature spectra of the K-phase saltsj^i^ while it 
does not account for the metallic behavior; thus it is not 
able to mimic the appearance of a Drude-peak in the 
compounds with high Br content. 

In this work we use the simplest dimer model to de- 
scribe the emv-coupled features present also in the metal- 
lic phase, and to verify the assignment of the mid-infrared 
peak Ldimcr to the interdimer charge transfer. As an ex- 
ample, in Fig. 112b . we show a fit by the dimer model of 
the 85 % Br compound spectra. For || c the dimer 
model with [/moi = 0.5 eV and transfer integral term 
t(bl) = 0.21 eV can reasonably well predict both the po- 
sition of the high-frequency electronic maximum Ldimer 
and of the emv-coupled features. The value of the trans- 
fer integral energy is somewhat lower than those received 
by the Hlickel method: t(bl) = 0.26 - 0.27 eV.^'S Taking 
into account the very different approaches of these meth- 
ods, the agreement is quite good. The diff'erential spec- 
trum of the experimentally obtained conductivity and 
the calculations by the dimer model shows that the in- 
tradimer transition is responsible for nearly all the inten- 
sity of the emv-coupled features. With other words, in 
the low-temperature metallic state the intradimer transi- 
tion interacts strongly with the totally symmetric vibra- 
tions, while this process is less important for the charge 
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FIG. 12: Conductivity of fi:-(BEDT-TTF)2- 

Cu[N(CN)2Bro.85Clo.i5 for the two polarizations (a) i5 || c 
and (b) £ || a at T = 20 K. The solid red curves represent 
the conductivity for the intradimer transition and the emv 
coupled modes calculated within the cluster model. The dot- 
ted blue curves show the difference between the experimental 
data (thick black line) and the red curve. Fit parameters 
for E II c are Umoi = 0.5 eV and t{hl) = 0.21 eV. The 
vibrational frequencies and respective coupling constants 
Qi are: 1^4 = 1460 cm"^ Q4 = 610, i/e = 1287 cm"^ Qe = 95, 
vio = 878 cm"^ Qio = 120, and 1^13 = 445 cm"^ Q13 = 240. 
For £ II a we used [/™oi=0.5 eV and t{hl) = 0.19 eV; the 
frequencies and coupling constants are the same except 
Qi = 680. 



transfer between the dimers. 

In order to identify the intradimer transition band for 
polarization E \\ a, we start with the respective parame- 
ters obtained for the E \\ c. Only the position of the in- 
tradimer charge transfer is varied by changing the trans- 
fer integral bl until the positions of emv-coupled features, 
which are considerably softer along a axis, match the ex- 
periment. Consequently, the position of the intradimer 
transition follows these emv-coupled vibrations. The fit 
with t{hl) = 0.19 eV suggests that the Ldimcr has its 
maximum at about 2900 cm~^ in the a direction, com- 
pared to 3300 cm~^ found for E \\ c. 

For a further analysis of the data focused on itinerant 
charge carriers, we subtract the results of the cluster- 
model calculations from the experimental data. As seen 
in Fig. [T^ the remaining intensity of the emv-coupled 
vibrational modes is small; this confirms that they are 
only very weakly coupled to charge carriers which are not 
localized on the dimers. Interestingly, this is only true 
for the metallic samples with high Br content (85% and 



90%). Once we approach the insulating side of the phase 
diagram (low Br concentration) , a charge transfer only in 
a dimer does not account for all the intensity of the emv- 
coupled features anymore. These spectra are much closer 
to those proposed by the tetramer model^ indicating 
that once the inter-dimer excitations get localized they 
are also coupled to the totally-symmetric vibrations of 
BEDT-TTF molecule. 



E. Anisotropy of the spectra 

One of the striking features of the K-phase spectra is 
the anisotropy, which from the first glance one would not 
expect on an orthorhombic unit cell®- with two crystal- 
lographically identical dimers and an angle between the 
optical axes and the dimers close to 45 degrees. This 
anisotropy involves the intradimer transition, and above 
we showed that the cluster model gives a good explana- 
tion for the anisotropy in the vibrational features. 

It should be noted that the distance between the 
dimers is different in a and c direction, with some pref- 
erence along the a axis, as depicted in Fig. [T] In addi- 
tion, the molecules are not standing upright on the (ac) 
plane, but considerably tilted in a direction (in an alter- 
nating fashion in such a way that adjacent layers form a 
herring-bone pattern) 4^ The higher reflectivity observed 
in the E || a polarization in these compounds suggests 
that a projection of the dipole moment for all the elec- 
tronic transitions onto this axis is higher. 

An explanation for the difference in position and in- 
tensity of the intradimer charge transfer band Ldimcr ob- 
served parallel to a and c axes might be given by a so- 
called Davydov splittingiH. In the present case of the 
K-salts, the dimers are taken as the principal unit, i.e. a 
'big molecule' with one hole and spin residing on it. In 
general, if the unit cell possesses a center of symmetry 
and two identical molecules in the cell, a Davydov split- 
ting of the intra-molecular electronic transitions between 
the upper molecular orbitals (intra-molecular excitons, 
Frenkel excitons) is observedi^ In this case two bands 
which are distinct in position and intensity are expected 
parallel to the symmetry axes of the unit cell. Applied 
to the present case, the electronic spectrum exhibits two 
distinct bands for the two polarizations parallel to the 
symmetry axes of the unit cell. Thus, the anisotropy of 
the intradimer transition can be considered as a Davy- 
dov splitting of the dimer excitation. Indeed, the less 
symmetrical (monocHnic) K-(BEDT-TTF)2Hg(SCN)4X 
(A=C1, Br) show less anisotropy of the spectrai^^ than 
the presented orthorhombic compounds. 



Allocating the transition between the Hubbard 
bands 



From the analysis presented above, we conclude that 
the lower-frequency contribution Lnubbard to the mid- 
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infrared band originates from excitations across the 
Mott-Hubbard gap which aUows us to determine the 
effective Coulomb repulsion UcS to be approximately 
2200 cm~^. This assignment is supported by compar- 
ing our data to spectra of the superconductor k-(BEDT- 
TSeF)4Hg2.89Br8. The replacement of the four inner sul- 
phur atoms with selenium reduces the on-site Coulomb 
repulsion but increases the transfer integrals to neighbor- 
ing molecules. Therefore, the BEDT-TSeF-based analogs 
are much closer to the normal metallic state; the con- 
tributions of itinerant and localized charge carriers are 
well separated in the optical spectra. It has clearly been 
observedSS that with decreasing temperatures the contri- 
bution of the electrons in the conduction band (Drude- 
peak and transitions between Hubbard bands) shifts to 
lower frequencies while there is a blue shift of the ex- 
citations of the localized charge carriers, similar to the 
metallic compounds studied in this work. 

Calculations by Merino and McKenzie^ reveal that 
in strongly correlated metals the coupling between elec- 
trons and phonons leads to a non-monotonic tempera- 
ture dependence of the vibrational modes near the co- 
herence temperature Tcoh- The shift is most pronounced 
(up to 5%) for phonons in the energy range compara- 
ble to [/cff/2, and becomes weaker for larger or smaller 
frequencies. Raman measurements perfectly agree with 
these predictions.^^ Evidently, the situation is more com- 
plicated for infrared data, as the vibrations are activated 
only by emv-coupling and influence in frequency and in- 
tensity by the charge excitations within the dimers. Nev- 
ertheless, this electron-phonon coupling might be an ex- 
planation for a softening of i'4{Ag) and ^^{Ag) below 
Tcoh « 50 K for the compounds k-(BEDT-TTF)2Cu[N- 
(CN)2]Br^Cli_^ with x = 0% and 40% where the elec- 
tronic correlations U/t are strongest. A close inspection 
reveals that the higher frequency mode 1^45 (B2ti) exhibits 
a similar behavior for the insulating samples with low Br 
content, but weaker; while no change is observed for the 
far-infrared vibration 1^14 (Ag). This also suggests that 
the effective Coulomb repulsion UcS is of the order of 
2000 to 2500 cm-\ 



V. CONCLUSION 

Our comprehensive analysis of the temperature- 
and Br-concentration dependence of mid-infrared 



and emv-coupled features in k-(BEDT-TTF)2- 
Cu[N(CN)2]Bra,Cli_2; allows us to distinguish two 
contributions in the mid-infrared part of the spectra. 
This interpretation is supported by the calculations 
which describe a charge transfer in a dimer and its 
coupling to the totally symmetric vibrations of BEDT- 
TTF molecule. The higher frequency Ldimcr band 
(3300 cm~^ for the polarization -B || c and presumably 
around 2900 cm~^ for || a) originates from the charge 
transfer between the BEDT-TTF molecules in dimers. 
This charge-transfer within the dimers is coupled to 
the intramolecular vibrations of BEDT-TTF and is 
responsible for the major part of the emv-coupled 
features intensity for the metallic compounds, while in 
the insulating materials the lower-frequency contribu- 
tion is presumably also coupled with vibrations. The 
lower-frequency contribution to the mid-infrared band 
Lnubbard locatcd at 2200 cm^^ is isotropic and assigned 
to transition between two Hubbard bands which form 
due to strong electronic correlations. In Part II the 
dynamical properties of the itinerant charge carriers will 
be analyzed and discussed in detail, including extensive 
calculations by dynamical mean-field-theory. 
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